Abstract. A sophisticated R-matrix calculation is performed for the photoionization of the fine-structure levels of the ground state of Fe XVIII. High resolution total and partial cross sections are obtained with the later restricted to the cases of the Fe XVIII ion being left in one of the fine-structure levels corresponding to the energetically lowest 11 LS states of Fe XIX after ionization. Both sets of cross sections are obtained using the BreitPauli R-matrix approximation which allows for the possibility of fine structure splitting in both resonances and thresholds. We find extensive resonance structure in the 99 to 113 Ryd photon energy range, a high percentage of which arises from 2p photoionization leaving the ion in the 2s 2 2p 4 3 P 2 state while the background cross section is constructed almost exclusively of 2p and 2s photoionization with the former dominant in both photoionization cases. Relativistic effects are found to be important in obtaining accurate threshold positions as well as being responsible for a significant drop in the background cross section in comparison with various calculations done in LS coupling. We believe that this is the first relativistic calculation for this ion.
Introduction
X-ray emitting plasmas are a phenomenon frequently encountered in astrophysical studies, and are characteristic of various accretion-powered sources such as X-ray binaries, cataclysmic variables and active galactic nuclei (Mushotzky et al. 1993; Kahn & Liedahl 1995) . In addition, X-rays are detected from the high temperature plasmas which constitute the upper transition regions and coronae of the Sun and other stars (Phillips et al. 1982) . X-rays emitted from these phenomena are the result Send offprint requests to: K.L. Bell (kl.bell@qub.ac.uk) of many different atomic processes occurring within the plasma, such as electron impact excitation and photoabsorption, both of which frequently involve ions of iron at various stages of excitation. Modelling of the X-ray emission of each of the above sources thus requires detailed atomic data about the various processes which occur within the associated plasma.
Unfortunately, while electron impact of various ions of iron has been studied in sufficient detail, photoionization still lacks serious consideration. Some previous work has been performed, such as that by Verner et al. (1993) and Verner & Yakovlev (1995) , but even these are lacking inner shell photoionization data explicitly on Fe XVIII. In addition, recent observations by the Advanced Satellite for Cosmology and Astrophysics (ASCA) have shown that the current atomic data are inadequate for a proper quantitative analysis of plasma emission (Fabian et al. 1994; Liedahl et al. 1995) . The Opacity Project team have calculated total photoionization cross sections for the ions of iron using the R-matrix codes, and have included their results in the TOPBASE database (Seaton et al. 1992; Cunto & Mendoza 1992) for use by the astrophysical community. These calculations represent a significant improvement over the data of Verner et al. due to their consideration of the possibility of the existence of resonance structure. However, these R-matrix calculations included only 6 target states without the introduction of electron correlation effects; were performed using an LS-coupling approximation; and the partial cross sections resulting from leaving the iron ion in one of the target states after photoionization have not been extracted from the total cross section.
Each of the ions of iron has a particular significance in astrophysics. Specifically, Fe XVIII has been linked (Liedahl et al. 1990 (Liedahl et al. , 1992 with an emission feature at about 16Å found in low mass X-ray binaries (Vrtilek et al. 1991) . Investigation of the atomic processes involving this ion is thus desirable. Electron impact excitation of Fe XVIII has already been studied using the R-matrix method by Mohan et al. (1987) . In this paper, we therefore investigate the L-shell photoionization of Fe XVIII using the R-matrix method to obtain both total and partial photoionization cross sections.
Method
We employ the Breit-Pauli R-matrix method (Scott & Burke 1980) 
where φ n n = 1, ..., M represents a set of configuration state functions which possess the same total LSπ symmetry and are constructed from a set of one-electron orbitals whose radial part is given by a linear combination of Slater-type orbitals
The configuration state functions are chosen to be those configurations generated by considering the addition of one electron from the orbital set {1s, 2s, 2p, 3s, 3p, 3d} to the basis distributions 2s 2 2p 3 , 2s2p 4 and 2p 5 . A total of 68 configurations were thus considered in representing the target states. The 1s, 2s and 2p orbitals used in the representation of these wavefunctions were taken to be the Hartree-Fock orbitals of the ground state of Fe XIX determined by Clementi & Roetti (1974) while the remaining orbitals were generated by the configuration interaction code CIV3 (Hibbert 1975) in the following manner. Treating I jnl as fixed, the c jnl and ζ jnl parameters of Eq. (2) are then treated as variational parameters. The 3s orbital was thus obtained by varying these parameters in order to minimize the energy of the 2s 2 2p 3 ( 4 S)3s 3 S
• state. Similarly the 3p and 3d orbitals were optimized using the energies of the 2s 2 2p 3 ( 4 S)3p 3 P and 2s 2 2p 3 ( 4 S)3d 3 D
• states respectively where in each case only a single configuration was used in the wavefunction expansion. The resulting parameters for these orbitals are given in Table 1 .
The energies obtained for these target states were calculated in LS-coupling using the CIV3 configuration interaction code and in LSJ-coupling using the RECUPD module of the R-matrix codes where the same orbitals and level of correlation were used in each case. The results of both calculations are presented in Table 2 and compared with the experimental results tabulated by Corliss & Sugar (1982) and the relativistic calculations of Dasgupta (1995) (using the non-relativistic operators plus the spinorbit operator, mass correction operator and the Darwin term). (Note that a comparison between the LS calculation and the data of Corliss & Sugar requires consideration of a weighted average of the ground state provided by Corliss & Sugar) . Clearly some discrepancy exists between the LS-coupling calculation and the previous studies. However, attempts at introducing further correlation into this calculation had minimal effects on these energies. Threshold positions and thus resonance positions in general would have been of insufficient accuracy if a solely LS-coupling calculation had been performed. Thus, it is clearly essential to include relativistic effects, in that the introduction of interaction between different LSπ symmetries is highly relevant to the accuracy of the target state energies. The results of the LSJ-coupling calculation are highly satisfactory and examination of the eigenvectors verifies that significant mixing between different LSπ symmetries possessing the same Jπ value does indeed occur particularly in the ground state terms. (For example in the LS calculation the ground state, 3 P, is reasonably pure but in the relativistic calculation 11% of the 3 P 2 ground state is made up of the 2s 2 2p 4 1 D 2 configuration. This is enough to lower the ground state by as much as 8 a.u.).
The (N + 1)-electron wavefunction, Ψ is expanded in the following manner
where A Ek are energy dependent coefficients and ψ k are states which form a basis for the total wavefunction, are energy independent and are given by the expansion
where Φ i are the channel functions obtained by coupling the target states Φ i with the angular and spin functions of the continuum electron, u ij , to form states of total angular momentum and parity. A is the antisymmetrization operator which accounts for electron exchange between the target electrons and the free electron while χ i represents the quadratically integrable (L 2 ) functions (or (N + 1)-electron configurations) which are formed from the bound orbitals and are included to ensure completeness of the total wavefunction. These configurations are generated by the addition of two electrons from the orbital basis set into the basis distributions 2s 2 2p 3 , 2s2p 4 and 2p 5 . This approach ensures that a measure of equilibrium is attained between the target and (N + 1)-electron systems by treating the Fe XVIII states as bound states of the (Fe XIX + e − ) system. Since we are interested in photoionization of both the Fe XVIII ground state (2s 2 2p 5 2 P ) and the first excited state 2s 2 2p 5 2 P The entire range of LS matrices which contribute to the above Jπ symmetries are included in the calculation and are recoupled in the manner of Scott & Burke (1980) Using an R-matrix radius of 2.2 a.u., 25 continuum orbitals for each value of l ≤ 6 and a free electron energy mesh of 1 10 −3 Ryd, the R-matrix codes Seaton 1987) are then utilized to calculate the photoionization cross sections. The ionization energy of the Fe XVIII ground state was found to be 99.954 Ryd, in excellent agreement with the experimental value of 100.108 ± 0.294 Ryd tabulated by Corliss & Sugar (1982) . The 2s 2 2p 5 2 P
Fe XVIII bound state was found to be at 0.96068 Ryd relative to the ground state, compared with the value 0.93541 Ryd given by Corliss & Sugar (a difference of only 2.6%), suggesting that the approach used in the calculation of bound states is of sufficient accuracy.
Results and discussion
Using the mathematical model thus far described the total photoionization cross sections are calculated for both the ground state, 2s 2 2p 5 2 P . Threshold are marked using Table 2 Fig. 2 and we note that the value of the ionization energy obtained by Butler & Zeippen is too low, and so for comparison purposes their data has been shifted in energy by 3.55 Ryd. The agreement in the background cross section between the Opacity project data and the weighted average data is within 30%. This difference observed in the background is due to the inclusion of relativistic effects which would seem to be supported by the positive effect such effects had on the target state energies and by an LS R-matrix calculation which uses the present approximation but omits all relativistic −2 Ryd. is used in this case). The results of this calculation are also plotted in Fig. 2 and comparision of these results with the Opacity project data demonstrates an agreement within 5%. Due to the same target states being used in both these calculations up to a photon energy of 160 Ryd we conclude that this drop in the background corresponds to the introduction of correlation in the target. Consequently the further drop in the background observed in the LSJ calculation is due to the significant increase in the CI introduced into the target state wavefunctions through the spin orbit operator.
The present calculations demonstrate a general shape of the photoabsorption spectrum that is in excellent accord with the Opacity project data with the exception that the present work resolves a single shape resonance at 128 Ryd. Examination of Fig. 1 shows that this is a result of photoionization of the ion being left in one of the fine-structure levels corresponding to the 6 energetically lowest LS target states are presented in Figs. 4 to 7. Photoionization of the Fe XVIII ground state is clearly dominated by the mechanism which leaves Fe XIX in its ground state with the contribution of this process to the total cross section being more than double that of any other photoionization mechanism. We note that all the partial cross sections corresponding to 2p photoionization leaving the Fe XIX ion in the 2s 2 2p 4 states make significant contributions to the total cross section as do those corresponding to 2s photoionization resulting in 2s2p 5 . However, of these two possiblities the one involving 2p photoionization is clearly the dominant process while the effect that double electron excitation of 2s or 2p (resulting in 2p 6 and 2s 2 2p 3 3s respectively) has in this energy range is negligible. Partial cross sections for these target states have thus been omitted except for those of the 2p 6 1 S 0 cross section which exhibit a small amount of resonance structure. In general partial cross sections for photoionization from the 1 2
• state follow the same pattern as those from the ground state with the exception that the mechanism resulting in the residual ion existing in the Fe XIX 2s 2 2p 4 1 D 2 state now dominates despite the partial cross sections for the Fe XIX ground state being of the same magnitude as in the ground state photoionization case. Thus 2p photoionization makes up a much higher percentage of 2s 2 2p 5 2 P
• 1 2 photoionization than in the ground state case and is responsible for the greater magnitude of the background cross section of the former compared with the latter.
The extensive resonance structure in the 99 to 113 Ryd photon energy range is due primarily to photoionization of Fe XVIII resulting in the 2s 2 2p 4 3 P 2 state in both the photoionization of J = The photoionization spectrum of the first excited state also demonstrates resonance structure in the 125 to 130 photon energy range where a shape resonance is also apparent. Both features are due primarily to 2p photoionization but no individual partial cross sections dominate these structures. (Figures which illustrate the full height of the resonances in the energy range required for each partial cross section were used in the development of these conclusions. It was not felt worthwhile to include these in the present publication. However partial cross sections to all 19 target levels listed in Table 2 for both photoionization calculations are available from the authors on request). 
Summary
In summary we have presented the most complete calculation of both total and partial photoionization cross sections for Fe XVIII yet available. We note the favorable comparison with previous work. However, a much greater resolution and target state representation as well as the inclusion of fine structure effects results in a lower background as well as a substantially greater resolution of resonance structure. Finally we note that the calculations presented within this publication are a clear indication of the need for the inclusion of relativistic effects in calculations concerning highly ionized iron. 
